The present work proposes a method for enhancing the efficiency of gyrotron oscillators and studies the scaling of efficiency with respect to the operating parameters.
Our primary motivation for achieving a high-efficiency gyrotron is connected with its application in controlled fusion research. To reach the fusion ignition temperature, a great amount of energy (many megajoules) has to be injected for plasma heating. Furthermore, this should be done with the maximum efficiency in order to alleviate the energy breakeven condition. A highly efficient gyrotron has been recognized as one of the most promising sources to meet these requirements.
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The [9] . In the case of applied magnetic-field contouring. Sprangle and Smith [15] proposed a method which employs a two-stage magnetic field. Except for a short transition region, the magnetic field is held constant in each stage. In the first stage, the magnetic field is below that required for strong resonant interaction, hence only electron bunching takes place. In the second stage, the magnetic field is raised to the value for strong interaction, thus allowing the bunched electrons to lose a substantial amount of energy. They have calculated a maximum transverse efficiency of 75 percent (or q =60 for o~/oz = 2). Because of the presence of a bunching stage, a relatively longer cavity is required in their scheme. This may become a rather strong limiting factor in high-power operations.
In the present study a linearly tapered magnetic field is employed for the purpose of efficiency enhancement. the cross-sectional view of the model. We assume further that the beam is sufficiently tenuous that its space charge field can be neglected and that it will not modify the normal mode EM field structure of the cavity. This is a good assumption for beam powers below a few hundred kilowatts.
Since the cyclotron maser interaction takes place between the electron beam and the TE mode (rather than the TM mode) and axially symmetric TE modes (i.e., modes without azimuthal variations) have the smallest wall loss, we will limit our consideration to the T~nl modes, where n and 1 are, respectively, the radial and axial eigenmode numbers. Under these assumptions, the electron dynamics are governed by the following equation of motion:
where
is the applied magnetic field (to be specified later), and E@, B,, B= are the TEOnl wave fields given by E8 = E@#,(knr) sin kzz cos tit (2) B,= (k,/~)EeOJ1(knr) cos kzz sin tit (
Bz=-(kn/u)E@#O(knr) sin kzz sin~t (4) where k= = T1/ L, k.= Xn/ rw, X. is the nth nonvanishing root of~l(x) = O, u= (k;+ kj)l/2c is the wave frequency, and rw is the inner radius of the cavity.
IEEE TRANSACTIONS ON hitCROWAVB THEORY AND TECHNIQUES, VOL. MTr-28, NO. 4, APRIL 1980 The total wave energy stored in the cavity ( Wf) can be written, W~= 0.25ncoE&.J~(xn) r~L where~= (36m) -110 -9 farad/m is the vacuum dielectric constant and .T~(x~)mO. 16, 0.09, 0,0625 for n = 1, 2, 3. If we assume that the quality factor Q of the cavity is entirely due to diffraction loss (i.e., neglecting wall loss), we obtain the wave power (PW) emitted from the cavity
Thus, the beam power (Pb) required to sustain a steady-state oscillation in the cavity is
where q is the efficiency to be evaluated from (1).
It is convenient to introduce a normalization scheme by which the cavity radius rw is scaled out of the equations.
This can be achieved through the following procedures (normalized notations are denoted by a bar): We may now rewrite (l)- (6) as
To obtain the efficiency from this set of equations, we solve (7) ii.
ii, + Aii (~0) defined below, BO(7, Z) = 50,e, +~Ozez (17) where .xn= 3.8, 7.0 and 10.2 for n = 1, 2, 3, respectively. To reduce the number of free parameters, we fix the electron energy at 70 keV. This is a voltage capable of generating a sufficiently high power electron beam for most applications presently conceived, including plasma heating of controlled fusion devices. The axial eigenmode number will be fixed at the lowest value (1= 1) because it gives the highest cavity Q and hence the lowest threshold beam power compared with the 1# 1 modes. Thus the unwanted high 1 modes will not be excited if one operates near the threshold of the l= 1 mode. The remaining parameters, a, , n,~00,~0,~1, and A~etc., will be varied.
III. RESULTS
A typical data point is obtained as follows. We first specify a,~, and n. In the case of tapered magnetic field, TABLE II  TABLE IV  OPTIMUM In all the data presented, we have kept track of a common parameter NC, the total number of cyclotron orbits executed by a single electron in traversing the cavity. To illustrate the efficiency scaling with respect to NC and the efficiency enhancement due to magnetic field tapering, we have plotted q"p against NC in Fig. 3(a) , (b), and (c). In these and all the subsequent figures, solid curves refer to the tapered magnetic field and dashed curves refer to the constant magnetic field. The lowest --curves in Fig. 3(a), (b) , and (c) give AB/ Bl, a measure of the magnetic field tapering (see Fig. 2 ). The numbered dots refer to the data number in Tables I through VI. Fig.  4 shows typical plots of efficiency versus the axial distance inside the cavity, It is seen that in both the tapered and constant magnetic field cases, strong interaction (as witnessed by the rapid rise of efficiency) takes place after an initial bunching stage. However, in a tapered magnetic field, the region of strong interaction stretches farther at both ends, resulting in higher efficiency.
taken as a data point and referred to as the optimum efficiency Top. In the case of constant magnetic field, q is evaluated as a function of E80 and~0, and similarly the peak of q(~co,~o) becomes a data point. is only a few percent (Fig.  3) . The higher the velocity ratio a, the higher the maximum achievable efficiency.
The peak efficiencies for a = 1.5, 2.0, and 2.5 as shown in Fig. 3 For the purpose of further efficiency enhancement, it is desirable to improve the electron gun design so that beams with higher a can be obtained.
2) N= is shown to be a convenient scaling parameter for the efficiency for both the constant and tapered magnetic field cases (Fig. 3) . We observe in Fig. 3 that for a fixed a, the efficiency data calculated for various modes (n) and cavity dimensions (~) form a smooth curve when plotted against iVC. In other words, the efficiency is only a function of N= regardless of the mode of operation and the dimension of the cavity. Thus, for modes and cavity dimensions not calculated here, one can predict its efficiency by simply calculating the value of NC and interpolating from the data presented. Similarly, through this method of scaling, efficiency optimization for any given mode of operation becomes a simple task of specifying the cavity length such that NC has the value corresponding to the peak efficiency in Fig. 3 . In general, the efficiency peaks at 20< NC <30, which can be used as a crude guide for the design of gyrotron oscillators. It will be shown in Section IV that NC also serves as a useful parameter for determining the accessibility of the high efficiency regime.
3) The wave electric field EOO at optimum efficiency operation is stronger for the tapered magnetic field case than for the constant magnetic field case because more beam energy has to be extracted in the former case to reach the hi@er efficiency (cf. Table I through VI). As a result, one gains the additional advantage of achieving higher wave power as well as higher efficiency by tapering the magnetic field. Near the peak efficiency, for example, QPW for the tapered magnetic field is higher than that for the constant magnetic field by a factor > 2. We conclude this section with a specific design example based data number 14 in Table III . To convert the normalized data quantities into physical design parameters, one needs to specify the desired wave frequency (f) and the quality factor Q, In the example, we shall let~= 35 GHz and Q =500. The wall radius (rw) is then given by rW= 4.775 G/f cm where j is in gigahertz.
From Table III , we obtain fi = 3.85. Thus, rW = 0.526 cm. In terms of rW, the cavity length (L), the beam guiding center position (ro), the magnetic field profile (Bl and Al?), and the wave electric field amplitude (EOO) can all be specified through the following formulas: (1 Tables  III and IV which are optimized for high efficiency rather than for small signal interaction.
Pb in the limit of small cavity field (PW+O) is defined as .f'b*, and pb corresponding to the peak of q is referred to as Pjp. For case (i) IEEE TRANSACTIONS ON MICROWAVSTHEORYAND TECNNIQUSS, VOL. MTT-28, NO. 4, APRIL 1980 I A where NC = 13.5, the difference between the optimum con- away from the peak of the electric field, In such a case, the optimum wave electric field as shown in Tables I through VI refers to the local field exerted on the electrons, and consequently the peak field is higher than that indicated in the Table, implying higher wave power and proportionally higher beam power under optimum operating conditions. For example, if the local electric field is half of the peak electric field, both the beam power and the wave power will be four times higher.
Here we have shown that a simple linearly tapered magnetic field (see Fig. 2 
